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ABSTRACT
We use the Herschel/PACS spectrometer to study the global and spatially resolved far-infrared (FIR)
fine-structure line emission in a sample of 52 galaxies that constitute the SHINING survey. These
galaxies include star-forming, active-galactic nuclei (AGN), and luminous infrared galaxies (LIRGs).
We find an increasing number of galaxies (and kiloparsec size regions within galaxies) with low line-to-
FIR continuum ratios as a function of increasing FIR luminosity (LFIR), dust infrared color, LFIR to
molecular gas mass ratio (LFIR/Mmol), and FIR surface brightness (ΣFIR). The correlations between
the [C II]/FIR or [O I]/FIR ratios with ΣFIR are remarkably tight (∼ 0.3 dex scatter over almost
four orders of magnitude in ΣFIR). We observe that galaxies with LFIR/Mmol & 80LM−1 and
ΣFIR & 1011 L kpc−2 tend to have weak fine-structure line-to-FIR continuum ratios, and that LIRGs
with infrared sizes & 1 kpc have line-to-FIR ratios comparable to those observed in typical star-forming
galaxies. We analyze the physical mechanisms driving these trends in Paper II (Herrera-Camus et al.
2018). The combined analysis of the [C II], [N II] 122µm, and [O III] 88µm lines reveals that the
fraction of the [C II] line emission that arises from neutral gas increases from 60% to 90% in the most
active star-forming regions and that the emission originating in the ionized gas is associated with low-
ionization, diffuse gas rather than with dense gas in H II regions. Finally, we report the global and
spatially resolved line fluxes of the SHINING galaxies to enable the comparison and planning of future
local and high-z studies.
Keywords: Galaxies — ISM — star formation — active — starburst — abundance
1. INTRODUCTION
The Herschel Space Observatory (Pilbratt et al. 2010)
has transformed our view of the far-infrared (FIR) uni-
verse. In addition to significantly higher sensitivity
and spectral resolution, one of the major steps forward
achieved by Herschel was to enable observations of the
dust continuum and the fine-structure transitions in the
∼ 55 − 500 µm range with spatial resolution at least 4
times higher than previous infrared space missions. For
Corresponding author: R. Herrera-Camus
rhc@mpe.mpg.de
nearby galaxies, Herschel made possible for the first time
to resolve and study a large number of diverse galactic
environments. In this context, the Herschel guaranteed
time program “Survey with Herschel of the Interstellar
medium in Nearby INfrared Galaxies” (SHINING; PI
Sturm) was planned to obtain a comprehensive view of
the physical processes at work in the interstellar medium
of local galaxies, ranging from objects with moderately
enhanced star formation and nuclear activity to the most
dense, energetic, and obscured environments in ultra-
luminous infrared galaxies.
Each of the SHINING galaxies was observed in the six
brightest photodissociation region (PDR) and H II re-
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gion lines in the Herschel/PACS (Poglitsch et al. 2010)
spectral range; namely the [C II] 158 µm, [O I] 145µm,
and [O I] 63µm PDR lines, and the [N II] 122µm,
[O III] 88µm, and [N III] 57µm H II lines (see Table 1 for
details). Among these, the [C II] 158 µm is commonly
the brightest and the [C II] line flux in typical, star-
forming galaxies is ∼ 4000 brighter than the CO J=1–0
line (Wolfire et al. 1989; Hughes et al. 2016). With an
ionization potential of only 11.2 eV, [C II] emission can
arise from both ionized and neutral gas phases. For the
latter, [C II] is the main coolant (Wolfire et al. 2003),
and for a system in thermal equilibrium, the [C II] emis-
sion is a measure of the heating rate. This heating is,
in normal galaxies, dominated by FUV radiation pro-
cessed by dust through the photoelectric heating effect,
and is thus a consequence of star formation activity.
Hence, a connection between the [C II] emission and the
star formation rate is expected (e.g., Stacey et al. 1991;
Boselli et al. 2002; De Looze et al. 2014; Herrera-Camus
et al. 2015; Nordon & Sternberg 2016).
Together with [C II], the other main cooling channel
for the neutral, atomic gas is the [O I] 63µm line (Wolfire
et al. 2003). In fact, due to its higher excitation temper-
ature and critical density the [O I] 63µm line can become
the major coolant in warm, dense gas environments such
as those found in starburst regions or the central parts
of galaxies (e.g., Brauher et al. 2008; Croxall et al.
2012). The other neutral oxygen fine-structure tran-
sition is [O I] 145µm, which is typically a factor ∼ 10
weaker than the [O I] 63µm line (Brauher et al. 2008;
Vasta et al. 2010), but is less likely to suffer absorption.
Finally, the three ionic FIR fine-structure lines in-
cluded in our survey are [N III] 57µm, [O III] 88µm, and
[N II] 122µm. The first two are closely associated with
dense H II regions as ionization energies of 35.1 eV and
47.5 eV are required to create O++ and N++ ions, re-
spectively. The [N II] 122µm line, on the other hand,
can also arise from lower excitation gas with typical
electron densities in the Milky Way and star-forming
galaxies of about ne ≈ 30 cm−3 (Goldsmith et al. 2015;
Herrera-Camus et al. 2016).
The fine-structure FIR lines included in our study
span a wide range of ionization potentials (χ ∼ 11 −
35 eV), critical densities (ncrit ∼ 40−106 cm−3), and ex-
citation temperatures (Tex ∼ 90−300 K). Together they
are useful probes of the physical conditions of the in-
terstellar medium (ISM), including radiation fields, gas
densities, temperatures, and abundances (e.g., Rubin
1985; Tielens & Hollenbach 1985; Sternberg & Dalgarno
1989, 1995; Kaufman et al. 1999, 2006; Fischer et al.
2014). For example, the relative intensity of the cooling
lines of the neutral gas (mainly [C II] and [O I]) com-
pared to the FIR continuum yields a measure of the gas
heating efficiency. Over the last two decades a number
of studies have shown that the ([C II]+[O I])/FIR ra-
tio decreases as a function of increasing FIR luminosity
(LFIR), FIR color (e.g., 60 µm/100 µm), and FIR sur-
face brightness (ΣFIR) (e.g., Malhotra et al. 1997, 2001;
Brauher et al. 2008; Gracia´-Carpio et al. 2011; Dı´az-
Santos et al. 2013, 2017; Croxall et al. 2013; Ibar et al.
2015; Lutz et al. 2016; Smith et al. 2017). The proposed
explanations for the decrease in the ([C II]+[O I])/FIR
continuum ratios are multiple, including a reduction of
the photoelectric yield due to the charging and/or de-
struction of dust grains (e.g., Malhotra et al. 1997; Crox-
all et al. 2012), absorption of UV photons by dust in H II
regions (e.g., Abel et al. 2009; Gracia´-Carpio et al. 2011),
line self-absorption (e.g., Gonza´lez-Alfonso et al. 2014),
softer UV radiation coming from older stellar popula-
tions (e.g., Malhotra et al. 2001; Smith et al. 2017),
the impact on the ionization state of the gas by AGNs
(e.g., Langer & Pineda 2015), among others. In this
paper we focus on presenting the trends of the line-to-
FIR continuum ratios as a function of different galaxy
properties, leaving the detailed analysis of the physical
mechanisms responsible for the line deficits for Paper II
(Herrera-Camus et al. 2018). In the particular case of
the [C II] line, in Paper II we find that the decrease in
the [C II]/FIR ratio as function of FIR surface bright-
ness can be explained as a combination of a reduction in
the dust photoelectric heating efficiency, an increase in
the ionization parameter, and the inability of the [C II]
line to track the increase in the FUV radiation field as
galaxies become more compact and luminous.
There are many other examples of line diagnostics in
the far-infrared that have been used to characterize the
conditions in the ISM. For example, the [N II]/[C II] line
ratio serves as a tracer of the fraction of the [C II] line
emission that arises from ionized gas. On nearby galax-
ies and LIRGs, this fraction have been found to decrease
from ∼ 30% to ∼ 5% in the most active, star-forming en-
vironments (e.g., Croxall et al. 2017; Dı´az-Santos et al.
2017). Other example is the [O III] 88µm/[N II] 122µm
line ratio, which provides a sensitive probe of the UV
field hardness and has the advantage to be practically
insensitive to the gas density (e.g., Rubin 1985; Ferkin-
hoff et al. 2011). Finally, in this paper we discuss a new
diagnostic diagram based on the [C II]/[O I] 63µm (sen-
sitive to the gas density and radiation field strength) and
[N III] 57µm/[N II] 122µm (sensitive to the hardness of
the UV radiation field) line ratios that can help to dis-
criminate between star-formation and AGN activity on
∼kiloparsec scales.
SHINING, A Survey of Far Infrared Lines in Nearby Galaxies 3
The aim of this paper is to introduce the SHINING
sample and present the main results of our analysis
of fine-structure atomic and ionic transitions. Other
works based on the SHINING dataset include studies of
galaxy outflows (Sturm et al. 2011; Contursi et al. 2013;
Gonza´lez-Alfonso et al. 2014, 2017; Janssen et al. 2016),
ISM diagnostics (Fischer et al. 2010; Gracia´-Carpio et al.
2011; Gonza´lez-Alfonso et al. 2012, 2015; Contursi et al.
2017), and molecular gas excitation (Hailey-Dunsheath
et al. 2012; Gonza´lez-Alfonso et al. 2013; Mashian et al.
2015). The structure of the paper is the following. In
Section 2 we introduce the SHINING sample of galax-
ies. In Section 3 we describe the Herschel observations.
In Section 4 we discuss how the data were reduced and
fluxes were measured. In Section 5 we discuss how the
relative intensity of the infrared fine-structure lines (line-
to-continuum and line-to-line ratios) on kiloparsec and
global scales varies as a function of AGN activity, FIR
surface brightness, and star formation efficiency. We
present our summary and conclusions in Section 6.
2. GALAXY SAMPLE
The SHINING sample consists of 52 galaxies in the
local Universe (z < 0.2) observed with the PACS spec-
trometer (Poglitsch et al. 2010) on board Herschel (Pil-
bratt et al. 2010) in multiple atomic and molecular tran-
sitions. SHINING was one of the Herschel Guaranteed
Time Observations (GTO) programs, and also included
observations of 50 low-metallicity galaxies that consti-
tute the “Dwarf Galaxy Survey” (Madden et al. 2013)
which we do not include in our analysis.
The main properties of the SHINING galaxy sample
are listed in Table 2. Due to the limited amount of
time available for the SHINING GTO observations and
the pioneering character of the study, there was no spe-
cific criteria involved in the selection of the starburst
and Seyfert galaxies rather than choosing well known
or archetypical systems (i.e., IR bright, template sys-
tems with a wealth of ancillary data available). The
H II/Starburst galaxies are all part of the IRAS Revised
Bright Galaxy Sample (RGBS, Sanders et al. 2003) and
have been observed with ISO and Spitzer. The Seyfert 1
AGN are mostly taken from the CfA Catalogue (Huchra
& Burg 1992), with 3 additional bright objects from
Nandra et al. (1997). We also added the Circinus galaxy,
which is not part of either of the above galaxy samples,
but well known and extensively studied at many wave-
lengths. The Seyfert 2 AGN are taken from the Bassani
et al. (1999) sample. The local (U)LIRG (z < 0.1) sam-
ple consists of all ULIRGs in the RBGS (IRAS F09111–
1007 was however not observed due to time limitations).
For all galaxy types, additional spectral classifications
are based mostly on the Catalogue of Quasars and Ac-
tive Nuclei (Ve´ron-Cetty & Ve´ron 2006) and the cat-
alogue of optical spectroscopy of (U)LIRGs (Veilleux
et al. 1995, 1999). In order to simplify the compar-
ison between starburst and AGN, we treat composite
AGN/starburst systems such as NGC 1365 (e.g., Turner
et al. 1993; Kristen et al. 1997) and NGC 4945 (Schurch
et al. 2002) as AGN, and Seyfert types 1.2, 1.5, 1.8, and
1.9 as Seyfert 1 objects.
Table 2 also includes two galaxies that were not
initially part of SHINING, but have been added to
the analysis in this paper because they share similar
properties and observations with the original sample:
NGC 3079, a Seyfert 2 galaxy observed under the di-
rector’s discretionary time proposal DDT esturm 4, and
IRAS 15206+3342, a ULIRG observed during the Her-
schel performance verification (PV) phase. Table 2 also
includes the FIR surface brightness of our galaxies as
reported by Lutz et al. (2016). Briefly, these surface
brightnesses are based on the FIR luminosity and a FIR
galaxy size derived from a 2-dimensional Gaussian fit to
the 70 µm image of the galaxy, with PSF width sub-
tracted in quadrature.
We include in our analysis molecular gas masses
(Mmol). Following Gracia´-Carpio et al. (2011), these
were measured converting previously published CO ob-
servations (Aalto et al. 1995; Albrecht et al. 2004, 2007;
Andreani et al. 1995; Baan et al. 2008; Braun et al.
2011; Chung et al. 2009; Combes et al. 2007, 2011;
Elfhag et al. 1996; Evans et al. 2005, 2009; Gao et al.
2001; Gao & Solomon 2004; Garc´ıa-Burillo et al. 2012;
Heckman et al. 1989; Maiolino et al. 1997; Mirabel et al.
1990; Sanders et al. 1991; Solomon et al. 1997; Strong
et al. 2004; Tacconi et al. 2010; Vollmer et al. 2008; Xia
et al. 2012; Yao et al. 2003; Young 1995; Young et al.
2011; de Mello et al. 2002) using an αCO conversion fac-
tor that varies with IRAS S60µm/S100µm color in order
to reproduce ULIRG (≈ 0.8 M (K km s−1 pc2)−1)
and Milky-Way (≈ 4 M (K km s−1 pc2)−1) adequate
values (Bolatto et al. 2013).
3. OBSERVATIONS
PACS provided the first opportunity to obtain high
spatial resolution spectral images of galaxies in the far-
infrared range between 55 µm and 210 µm (Poglitsch
et al. 2010). The PACS integral field spectrometer con-
sists of 5×5 spatial pixels covering a field of view (FOV)
of 47′′×47′′. Each spatial pixel is connected to two pho-
toconductor arrays of 16 spectral pixels, that scan in
time the desired (red and blue) wavelength ranges with
the help of a grating. The instrumental velocity reso-
lution depends on the observed wavelength range and
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Table 1. Fine-structure Lines in the SHINING Survey
Line Configuration λ Eion Tex ncrit,H (T = 100 K) ncrit,e (T = 10
4 K)
µm eV K cm−3 cm−3
[C II] 2P3/2 −2 P1/2 157.74 11.26 91 2.0× 103 47
[O I] 3P1 −3 P0 145.53 − 326 2.3× 104 −
[N II] 3P2 −3 P1 121.90 14.53 188 − 375
[O III] 3P1 −3 P0 88.36 35.12 163 − 510
[O I] 3P2 −3 P1 63.19 − 227 2.5× 105 −
[N III] 3P3/2 −3 P1/2 57.34 29.60 251 − 3.0× 103
Note—The information in Table 1 are based on Draine (2011) and the Leiden Atomic and
Molecular Database (Scho¨ier et al. 2005).
the selected grating order, but is typically in the range
100−330 km s−1 when used in 1st or 2nd order, enough
to study line velocity profiles from external galaxies.
Most of the SHINING observations were done us-
ing the PACS line and range spectroscopy astronom-
ical observing templates (AOTs) in combination with
the PACS pointed observing mode. Background sub-
traction was achieved with the chopping/nodding tech-
nique. The chopper throw was varied from 6′ for the
closest galaxies, to 1′ for the most compact systems.
In the pointed observing mode, the PACS spectrometer
camera observed always at the same chopper ON posi-
tion, giving by the end of the observation an individual
line and continuum measurement in each of the 25 spa-
tial pixels. This was the recommended mode to use for
the detection of weak lines in galaxies that are smaller
than the maximum chopper throw (6′). The data were
obtained in short time integrations (∼1 hr) spread over
a period of almost two years, from November 2009 to
the end of September 2011.
Table 2. SHINING Galaxy Sample
Source Optical Redshifta DL
a log10(ΣFIR) log10(LFIR)
class. Mpc L kpc−2 L
Starburst/Star-forming galaxies
NGC 253 HII 0.00081 3.42 12.15 10.35
M 82 HII 0.00067 3.83 . . . 10.67
M 83 HII 0.00171 7.24 . . . 10.13
NGC 1808 HII 0.00331 14.02 10.63 10.51
NGC 7552 HII 0.00536 22.74 10.90 10.79
Antennae HII 0.00568 24.10 . . . 10.74
NGC 3256 HII 0.00935 39.80 10.79 11.62
IRAS 23128-5919 HII 0.04460 195.05 10.22 11.92
Seyfert galaxies
Circinus Sy2 0.00145 6.13 11.49 9.92
Cen A Sy2 0.00182 7.70 9.19 9.91
NGC 4945b Sy2 0.00187 7.91 11.85 10.28
NGC 4051 Sy1 0.00233 9.86 10.93 9.84
NGC 1386 Sy2 0.00289 12.23 10.32 9.53
NGC 5033 Sy2 0.00292 12.36 8.84 10.24
NGC 4151 Sy2 0.00331 14.02 10.37 9.63
NGC 1365b Sy2 0.00545 23.12 10.29 10.84
NGC 3079 Sy2 0.00372 15.76 10.87 10.64
NGC 1068 Sy2 0.00379 16.06 11.36 11.13
NGC 7582 Sy2 0.00525 22.28 11.17 10.62
NGC 7314 Sy2 0.00476 20.18 . . . 9.78
Table 2 continued
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Table 2 (continued)
Source Optical Redshifta DL
a log10(ΣFIR) log10(LFIR)
class. Mpc L kpc−2 L
NGC 5506 Sy2 0.00618 26.24 10.71 10.21
NGC 4418 Sy2 0.00729 30.98 12.50 11.09
NGC 4593 Sy1 0.00900 38.30 . . . 10.25
NGC 3783 Sy1 0.00973 41.43 10.51 10.18
Mrk 3 Sy2 0.01350 57.65 9.78 10.41
IC 4329 A Sy1 0.01605 68.68 10.22 10.35
NGC 7469 Sy1 0.01631 69.80 11.02 11.35
NGC 1275 Sy2 0.01756 75.23 10.85 10.89
IRAS F18325-5926 Sy2 0.02002 85.93 10.51 10.70
Mrk 273 Sy2 0.03777 164.34 > 12.13 12.10
Mrk 231 Sy1 0.04217 184.09 > 12.26 12.34
Luminous Infrared Galaxies
Arp 299 HII 0.01030 43.87 11.92 11.74
Arp 220 Lin 0.01813 77.70 12.53 12.13
NGC 6240 Lin 0.02448 105.44 11.28 11.73
UGC 5101 Lin 0.03937 171.51 11.32 11.91
IRAS 13120-5453 Sy2 0.03076 133.12 11.99 12.20
IRAS 20551-4250 HII 0.04294 187.56 11.64 11.93
IRAS F05189-2524 Sy2 0.04256 185.85 11.78 11.97
IRAS 17208-0014 HII 0.04281 186.97 11.97 12.36
IRAS F10565+2448 HII 0.04310 188.28 11.54 11.97
IRAS 15250+3609 Lin 0.05515 243.10 11.60 11.94
IRAS F08572+3915 Lin 0.05835 257.80 11.73 12.04
IRAS 09022-3615 HII 0.05964 263.75 11.36 12.23
IRAS 23365+3604 Lin 0.06448 286.17 11.65 12.09
IRAS 19542+1110 . . . 0.06495 288.35 11.75 12.01
IRAS F14378-3651 Lin 0.06764 300.88 11.81 12.11
IRAS F12112+0305 Lin 0.07332 327.49 10.88 12.27
IRAS 22491-1808 HII 0.07776 348.43 11.26 12.11
IRAS F14348-1447 Lin 0.08300 373.30 10.48 12.29
IRAS F19297-0406 HII 0.08573 386.32 11.67 12.35
IRAS 07251-0248 . . . 0.08756 395.08 11.49 12.31
IRAS 15206+3342 HII 0.12441 575.75 . . . 12.07
aDistances were calculated using the redshift given in the NASA/IPAC Extragalactic Database (and
references therein) assuming a flat ΛCDM cosmology with Ωm = 0.27 and a Hubble constant H0 =
73 km s−1 Mpc−1.
b These systems exhibit both an AGN (Sy 2) and a circumnuclear starburst.
Table 3. Observations summary
Source Position R.A. Dec. Herschel OBSID
J2000 J2000
M 82 Central region 09 55 52.22 +69 40 46.9 1342186798–9
Southern outflow 09 55 56.00 +69 40 04.0 1342208945
Northern outflow 09 55 48.80 +69 41 27.0 1342208946
M 83 Central region 13 37 00.92 −29 51 56.7 1342203445–6
Bar–spiral arm 13 36 54.20 −29 53 01.5 1342203447–8
Eastern arm 13 37 07.20 −29 52 46.1 1342203449–50
Table 3 continued
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Table 3 (continued)
Source Position R.A. Dec. Herschel OBSID
J2000 J2000
NGC 253 00 47 33.12 −25 17 17.6 1342199414–5
NGC 1808 05 07 42.34 −37 30 47.0 1342214356, 1342219440
NGC 3256 10 27 51.27 −43 54 13.8 1342210383–4
Antennae NGC4038 12 01 52.98 −18 52 09.9 1342199403–6
NGC4039 12 01 54.30 −18 53 02.0 1342210820–1
Overlap 12 01 55.20 −18 52 29.0 1342210822–3
NGC 4945 13 05 27.48 −49 28 05.6 1342211694,1342212220
NGC 7552 23 16 10.77 −42 35 05.4 1342210399–400
NGC 1365 03 36 36.37 −36 08 25.4 1342191294–5
NGC 3738 11 39 01.72 −37 44 18.9 1342212225–6
NGC 4051 12 03 09.61 +44 31 52.8 1342197812, 1342199142
NGC 4151 12 10 32.58 +39 24 20.6 1342198305–6
NGC 4593 12 39 39.42 −05 20 39.3 1342198302–3
NGC 5033 13 13 27.53 +36 35 38.1 1342197821, 1342197908
NGC 5506 14 13 14.87 −03 12 27.0 1342213758–9
NGC 7469 23 03 15.62 +08 52 26.4 1342187847, 1342211171
IC 4329 A 13 49 19.26 −30 18 34.0 1342203451, 1342223809
Cen A 13 25 27.61 −43 01 08.8 1342202589–90
Circinus 14 13 09.91 −65 20 20.5 1342191297–8
NGC 1068 02 42 40.71 −00 00 47.8 1342191153–4
NGC 1275 03 19 48.16 +41 30 42.1 1342191350–1
NGC 1386 03 36 46.22 −35 59 57.3 1342192137–8
NGC 7314 22 35 46.23 −26 03 00.9 1342197892, 1342210403
NGC 7582 23 18 23.50 −42 22 14.0 1342210401, 1342211202
Mrk 3 06 15 36.36 +71 02 15.1 1342220932, 1342219851, 1342220607
NGC 3079 10 01 57.80 +55 40 47.2 1342221390–1
IRAS F18325-5926 18 36 58.29 −59 24 08.6 1342192142–3
NGC 4418 12 26 54.62 −00 52 39.2 1342187780–1, 1342210830
Arp 299 11 28 32.20 +58 33 44.0 1342199419, 1342199421
Arp 220 15 34 57.12 +23 30 11.5 1342191304–13, 1342212597 (1342238928–37)
Mrk 231 12 56 14.23 +56 52 25.2 1342186811, 1342189280 (1342185482–502, 1342186037–53)
Mrk 273 13 44 42.11 +55 53 12.7 1342207801–2
NGC 6240 16 52 58.89 +02 24 03.4 1342216622–3
UGC 5101 09 35 51.65 +61 21 11.3 1342208948–9
IRAS 17208-0014 17 23 21.96 −00 17 00.9 1342229692–3 (1342190690–711)
IRAS 20551-4250 20 58 26.79 −42 39 00.3 1342208933–5
IRAS 23128-5919 23 15 46.78 −59 03 15.6 1342210394–5
IRAS 23365+3604 23 39 01.27 +36 21 08.7 1342212514–6
IRAS 15250+3609 15 26 59.40 +35 58 37.5 1342213751–3
IRAS 19542+1110 19 56 35.44 +11 19 02.6 1342208915–6
IRAS 22491-1808 22 51 49.26 −17 52 23.4 1342211824–5
IRAS F05189-2524 05 21 01.47 −25 21 45.4 1342219441–4
IRAS 07251-0248 07 27 37.55 −02 54 54.1 1342207823, 1342207825–6
IRAS F08572+3915 09 00 25.39 +39 03 54.4 1342208951–3, 1342208955–6
(1342184666–80, 1342184686–92, 1342186055–4)
IRAS 09022-3615 09 04 12.70 −36 27 01.1 1342209402–5
IRAS F10565+2448 10 59 18.14 +24 32 34.3 1342207787–9
IRAS F12112+0305 12 13 46.00 +02 48 38.0 1342210831–3
IRAS 13120-5453 13 15 06.35 −55 09 22.7 1342214628–9 (1342190689-710)
IRAS F14348-1447 14 37 38.37 −15 00 22.8 1342203457, 1342224242–3
IRAS F14378-3651 14 40 59.01 −37 04 32.0 1342204337–8
IRAS F19297-0406 19 32 22.26 −04 00 00.7 1342208890–2
IRAS 15206+3342 15 22 38.04 +33 31 35.9 (1342189950–2)
Note—OBSIDs in parenthesis are from PV observations.
Each Herschel observation is identified in the Herschel
data archive with a different OBSID. Table 3 gives the
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Table 4. Ratio between the flux measured in the spaxel with the brightest FIR continuum and the total flux in the 5×5 spaxel
array for SHINING galaxies with D < 50 Mpc.
Source [N III] 57µm [O I] 63µm [O III] 88µm [N II] 122µm [O I] 145µm [C II] 158 µm
Line Cont. Line Cont. Line Cont. Line Cont. Line Cont. Line Cont.
Point source 0.72 0.72 0.70 0.70 0.69 0.69 0.62 0.62 0.55 0.55 0.50 0.50
50% point source 0.38 0.38 0.37 0.37 0.37 0.37 0.33 0.33 0.30 0.30 0.27 0.27 Extended (E)
Ext. uniform source 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 or compact (C)?
M 82 Central Reg. 0.22 0.19 0.17 0.17 0.18 0.16 0.15 0.13 0.14 0.12 0.10 0.13 E
M 82 S. outflow . . . . . . . . . . . . . . . . . . 0.17 0.14 . . . . . . . . . . . . E
M 82 N. outflow . . . . . . . . . . . . . . . . . . 0.21 0.16 . . . . . . . . . . . . E
M 83 Central Reg. 0.40 0.31 0.27 0.29 0.30 0.26 0.25 0.20 0.22 0.19 0.17 0.19 E
M 83 Bar-spiral 0.09 0.08 0.08 0.07 . . . . . . 0.08 0.07 . . . . . . 0.06 0.06 E
M 83 East. arm 0.37 0.17 0.17 0.18 . . . . . . 0.17 0.10 . . . . . . 0.11 0.09 E
NGC 253 0.48 0.54 0.33 0.53 0.35 0.45 0.33 0.36 0.31 0.29 0.18 0.27 C
NGC 1808 0.43 0.46 0.38 0.45 0.27 0.31 0.26 0.25 0.25 0.23 0.20 0.23 C
NGC 3256 0.36 0.42 0.33 0.42 0.27 0.37 0.29 0.30 0.27 0.27 0.20 0.26 C
Arp 299 0.16 0.20 0.15 0.20 0.17 0.25 0.18 0.24 0.21 0.21 0.13 0.20 E
NGC 4038 0.12 0.14 0.10 0.15 0.04 0.10 0.13 0.09 0.09 0.09 0.07 0.11 E
NGC 4039 0.23 0.25 0.15 0.24 . . . . . . 0.12 0.15 . . . . . . 0.09 0.12 E
Overlap 0.11 0.14 0.15 0.14 . . . . . . 0.08 0.11 . . . . . . 0.13 0.12 E
NGC 4945 0.48 0.54 . . . 0.53 0.42 0.48 0.39 0.40 0.40 0.34 0.20 0.31 C
NGC 7552 0.54 0.63 0.56 0.59 0.48 0.55 0.48 0.45 0.43 0.40 0.31 0.37 C
NGC 1365 0.27 0.24 0.22 0.24 0.29 0.23 0.21 0.21 0.21 0.20 0.17 0.20 E
NGC 3783 . . . 0.51 0.56 0.43 0.43 0.33 0.09 0.13 0.49 0.09 0.07 0.08 C
NGC 4051 . . . 0.40 0.47 0.64 0.38 0.64 0.44 0.29 0.42 0.24 0.21 0.20 C
NGC 4151 0.54 0.65 0.74 0.56 0.57 0.49 0.47 0.25 0.49 0.21 0.29 0.17 C
NGC 4593 . . . . . . 0.63 0.59 0.46 0.57 0.37 0.35 0.41 0.30 0.31 0.29 C
NGC 5033 0.16 0.16 0.19 0.14 0.13 0.12 0.07 0.09 0.14 0.09 0.07 0.09 E
NGC 5506 0.41 0.50 0.51 0.41 0.50 0.57 0.36 0.39 0.44 0.33 0.34 0.30 C
NGC 7469 0.55 0.63 0.59 0.60 0.68 0.61 0.51 0.48 0.49 0.42 0.36 0.41 C
Cen A 0.11 0.22 0.31 0.21 0.08 0.17 0.07 0.14 0.22 0.13 0.08 0.13 E
Circinus 0.28 0.41 0.33 0.39 0.22 0.32 0.16 0.24 0.27 0.20 0.13 0.19 E
NGC 1068 0.42 0.31 0.29 0.31 0.27 0.23 0.10 0.15 0.19 0.13 0.07 0.12 E
NGC 1386 . . . 0.58 0.63 0.64 0.79 0.49 0.35 0.31 0.36 0.26 0.21 0.22 C
NGC 7314 . . . 0.35 0.34 0.30 0.47 0.29 0.19 0.14 0.40 0.11 0.08 0.08 C
NGC 7582 0.58 0.68 0.58 0.66 0.53 0.54 0.54 0.43 0.43 0.38 0.32 0.35 C
Mrk 3 . . . 0.60 0.65 0.44 0.43 0.51 0.34 0.31 0.48 0.22 0.33 0.18 C
NGC 3079 . . . . . . . . . 0.46 . . . . . . . . . 0.29 . . . . . . 0.18 0.25 C
Note—Empty spaces indicate either that the line and continuum were not observed, or that the combined spectrum was too noisy to
properly estimate the ratio. Galaxies with more than ∼ 70% of their line and continuum emission coming from an extended component
are classified as extended (E).
OBSIDs of the SHINING observations used in this pa-
per, together with the central coordinates of the PACS
spectrometer FOV. Some of the targeted lines were also
observed during the Herschel PV phase in some of our
sample galaxies. We combined those observations with
the SHINING data to improve the significance of the
detections and upper limits. While the majority of the
SHINING galaxies have observations that cover the six
main FIR lines in the ∼ 55 − 160 µm range, for about
20% of the galaxies at least one line was not observed
due to time limitations (in most cases the [N III] 57µm
line, see Table 6 for details). Additional lines (e.g., OH
119, 79, 65 µm; Fischer et al. 2010; Gonza´lez-Alfonso
et al. 2017) were observed in a subset of the targets but
are not discussed here.
4. DATA REDUCTION
The data were reduced using the standard PACS data
reduction and calibration pipeline included in HIPE
v13.0 (Herschel Interactive Processing Environment1;
Ott 2010). A detailed description of the pipeline can
be found in the Herschel Explanatory Supplement Vol.
1 HIPE is a joint development by the Herschel Science Ground
Segment Consortium, consisting of ESA, the NASA Herschel Sci-
ence Center, and the HIFI, PACS and SPIRE consortia.
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III.2 The most important steps involve flagging the satu-
rated frames and glitches, the subtraction of the chopper
OFF position from the ON position, and the flatfielding
of the 16 PACS spectral pixels in each of the 25 spa-
tial pixels, where we took as a reference the common
continuum range seen by all pixels. Each nod position
was reduced separately. The signal from the two nods
was combined after the generation of the rebinned spec-
tra. For the final calibration we normalized the signal
to the telescope background and recalibrated it with a
reference telescope spectrum obtained from dedicated
Neptune observations during the PV phase.
4.1. Integrated measurements
The effective PACS spectrometer point spread func-
tion (PSF) is the convolution of the propagated Her-
schel telescope PSF (∼6′′–11′′ at the PACS wavelength
range) with the shape of the spectrometer spatial pixel
(hereafter referred to as a “spaxel”, and approximately
a 9.4′′×9.4′′ square in extent). As a result of that, each
spaxel collects only a fraction of the signal and the rest is
distributed in the neighboring spaxels. For point sources
this fraction is well characterized both theoretically and
from dedicated PV observations (Poglitsch et al. 2010).
It decreases with wavelength from ∼70% at 57µm to
∼50% at 158µm (for details see Table 4). These cor-
rections are useful to calculate the integrated signal in
galaxies that can be considered point sources for Her-
schel.
In the SHINING sample, 25 galaxies are closer than
60 Mpc and can be considered extended for the PACS
spectrometer spatial resolution (9′′ . 2.5 kpc for DL .
60 Mpc). We study the spatial distribution of the emis-
sion in these galaxies in Section 4.2. For the rest of
the SHINING galaxies (the remaining 27 with DL >
60 Mpc), the global emission can be considered a point
source, .i.e., the line and continuum fluxes in the central
spaxel are & 50% of the total emission measured in the
PACS 5× 5 spaxel array.
The nominal point source correction assumes that the
source is correctly centered in the central pixel. This was
unfortunately not the case in some of the SHINING ob-
servations, either as a result of telescope pointing errors
of ∼2′′–3′′ or because the FIR coordinates of the galaxy
were not known with enough accuracy before the obser-
vations (e.g., for IRAS 19542+1110). In those cases we
scaled the line flux in the central pixel to the ratio be-
tween the integrated continuum in the 25 spatial pixels
2 https://www.cosmos.esa.int/web/herschel/
legacy-documentation-pacs
(detected with reasonable signal to noise ratio in most
galaxies) and the central pixel continuum:
Fline(total) = Fline(central) × Scont(total)/Scont(central) (1)
These corrections are minimally affected by pointing er-
rors or the source size for unresolved or nearly unre-
solved, but assume that the line and continuum emission
distributions are similar.
To calculate the total integrated line and continuum
emission in the SHINING galaxies more extended than
the PSF we summed the signal from the 25 spaxels. Note
that even this is not exactly accurate since the flux in
each spaxel should be multiplied by a factor to take into
account the flux spread outside of the array due to the
PSF.
4.2. Spatially resolved maps
As we mentioned before, about 40% of the SHINING
sources are nearby and thus extended for the PACS spec-
trometer spatial resolution. This gives us the opportu-
nity to study the distribution of the line and continuum
emission in active and star forming galaxies on kilopar-
sec and sub-kiloparsec scales.
As an example, Figure 1 shows eight PACS maps of
the prototypical Seyfert 2 galaxy NGC 1068 (DL =
18 Mpc, 9′′ ≈ 0.8 kpc). Around 30% (15%) of the to-
tal 63µm (122µm) continuum is detected in the cen-
tral pixel, corresponding to the position of the AGN.
We can also appreciate in Figure 1 that the spatial dis-
tribution of the fine structure lines varies significantly
among different lines. A large fraction (∼30%) of the
[N III] 57µm, [O III] 88µm, and [O I] 63 and 145 µm
emission is concentrated in the central pixel, revealing
the effect of AGN radiation on the line excitation. In
contrast, the [C II] and [N II] 122µm emission distribu-
tions are more extended and trace the parts of the disk
where most of the recent star formation in the galaxy is
taking place. In fact, the brightest [C II] emission does
not come from the galaxy center, but from a nearby
pixel in the south-west direction. The position of this
pixel coincides with a bright molecular gas clump seen
in the CO interferometric maps of the galaxy (Plane-
sas et al. 1991; Tacconi et al. 1994; Helfer & Blitz 1995;
Schinnerer et al. 2000). This example shows that de-
spite the relatively low spatial resolution of the PACS
spectrometer and the reduced number of spatial pixels,
it is still possible to extract valuable information from
the SHINING maps.
Given that observations of the SHINING galaxies were
done in the pointed observing mode, the beam is under-
sampled (i.e., the beam is not sampled with at least
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Figure 1. Line and continuum maps of the Seyfert 2 galaxy NGC 1068. The maps are not corrected for the fact that the PACS
spectrometer PSF increases with wavelength and is larger than the pixel size (∼9.4′′= 0.8 kpc for DL = 18 Mpc; see sec. 4.2 for
details). Contours indicate regions where the signal is higher than 20%, 40%, 60% and 80% of the maximum value in the map.
the Nyquist resolution). This degrades the accuracy at
which the morphology of observed sources can be recon-
structed, and could introduce errors when comparing
line and/or continuum maps at different wavelengths.
This is the reason why for the analyses that involve spa-
tially resolved regions we carefully select only galaxies
for which the extent of the emission is significantly larger
than one spaxel size. In these cases we expect that the
flux that escapes a given spaxel is of the same order
as the flux that enters that spaxel from nearby regions,
which makes PSF effects less critical. Thus, the more
extended a source is, the closer the fluxes detected in
the pixels are to their intrinsic values.
From the group of 25 galaxies that can be considered
extended for the PACS spectrometer, we identify those
that can be seriously affected by the lack of correction
for the PACS wavelength-dependent PSF. We do this
by comparing the ratio between the emission measured
in the spaxel with the brightest FIR continuum and the
combined flux in the 25 spaxels to the expected peak-to-
total ratios for three models of the emission distribution:
a point source, an extended uniform source, and a com-
bination of the two (50% point source, 50% extended)3.
Emission from extended uniform and half point, half ex-
tended sources have line and continuum central-to-total
ratios in the ∼ 0.04−0.4 range. Inspection of Table 4 re-
veals that in 9 galaxies (4 starburst and 5 Seyfert) more
than ∼ 70% of their total line and continuum emission
can be attributed to an extended component. These are
the galaxies we consider for our analysis of the spatially
resolved emission (see the last column of Table 4 and
Section 5.6). The line fluxes for these spatially-resolved
regions at the positions of each spaxel are reported in
table 7.
The remaining 16 galaxies in Table 4 have more com-
pact emission. In the cases of NGC 253 and NGC 4945,
for example, more than half of the flux comes from the
central 9.4′′(∼150 pc) region. Their line emission dis-
tributions are also compact, with the exception of the
[C II] line, which is considerably more extended than the
continuum at 158µm. The same is true for 10 of the 17
Seyfert galaxies. In this case their compactness is a com-
3 In the case of the point source and mixed models the peak of
emission is located in the central spaxel of the 5× 5 spaxel array.
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Figure 2. (Left) Comparison between the continuum flux densities at 60 µm and 100 µm measured with IRAS and those
estimated by us from the interpolation of the PACS continuum measurements. (Right) Comparison between the [C II] and
[O I] 63µm line fluxes detected with ISO (Luhman et al. 2003; Brauher et al. 2008) and those measured with the PACS
spectrometer.
bination of their higher luminosity distances compared
to the H II galaxies in the sample (see Table 2), and on
average more compact coexisting star formation (Lutz
et al. 2017).
5. RESULTS
Table 6 gives the integrated line fluxes for all the
sources in the SHINING galaxy sample. We have de-
tected most of the targeted lines. This represents a sig-
nificant improvement with respect to previous observa-
tions of these lines in extragalactic sources by the In-
frared Space Observatory (ISO) (Malhotra et al. 2001;
Negishi et al. 2001; Luhman et al. 2003; Brauher et al.
2008). In those studies only the closest and brightest
sources were observed and detected in the 6 fine struc-
ture lines (Brauher et al. 2008).
Errors in Table 6 are 1σ uncertainties in the Gaussian
line fits and exclude errors associated with the PACS ab-
solute flux calibration. From the PACS manual, these
numbers are 11% (50− 70 µm) and 12% (70− 220 µm),
r.m.s. and 30% peak to peak. In addition to the line
fluxes, Table 6 gives the rest-frame S63µm and S122µm
continuum flux densities close to the [O I] 63µm and
[N II] 122µm lines. Their ratio is a measure of the shape
of the FIR spectral energy distribution of the source,
which in turn depends on the average dust temperature
and continuum optical depth in the galaxy. This ratio
will be used in the following sections.
5.1. Comparison with previous observations
In this section we compare our line and continuum
measurements with previous Infrared Astronomical
Satellite (IRAS) and ISO observations. To avoid the
uncertainties associated with the different instrument
FOVs, we have considered only ULIRGs in this com-
parison, which are approximately point sources for all
instruments.
In Fig. 2 (left) we compare the IRAS S60µm and
S100µm flux densities, tabulated in the Revised Bright
Galaxy Sample (Sanders et al. 2003), with the PACS es-
timated values from the interpolation of the continuum
close to the fine structure lines and the parallel data.
Differences between these two measurements are lower
than ∼ 25% in most cases over two orders of magnitude
in S60µm and S100µm.
A similar comparison with previous ISO fine structure
line observations (Luhman et al. 2003; Brauher et al.
2008) is shown in Fig. 2 (right). Differences can be as
high as 40% in this case. The PACS [C II] line fluxes are
on average ∼25% higher than the ISO values, which we
attribute to systematics in the absolute flux calibration
between the two instruments at that wavelength. The
larger scatter in the [O I] 63µm line fluxes compared to
the S60µm flux densities in Fig. 2 is probably due to the
ISO lower signal to noise detections.
We conclude that the typical uncertainty in the PACS
absolute flux calibration is probably lower than 20%.
The trends discussed in this paper involve variations in
the line and continuum measurements larger than a fac-
tor of ∼ 2, so they will not be strongly affected by these
differences.
5.2. Global measurements
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In order to study how the relative intensities of the
fine structure lines depend on the global properties of
galaxies, we begin by investigating the dependence of
the ratio of the line fluxes to the total FIR fluxes on
various galaxy properties. Here we adopt the FIR flux
definition given in Helou et al. (1988):
FFIR(42.5µm− 122.5µm) = 1.26× 10−14
×(2.58 S60µm + S100µm),
(2)
where FFIR is expressed in units of W m
−2, and S60µm
and S100µm are in Jansky. We decided to continue
using this version of the FIR flux to remain consis-
tent with prior analyses, such as Malhotra et al. (2001)
and Dı´az-Santos et al. (2013). Note, however, that
the FIR flux in the 42.5 − 122.5µm range represents
only about half of the total infrared emission emitted
by the galaxy. Compared to the total FIR flux (or
TIR) calculated in the 8 to 1000 µm wavelength range,
FFIR(42.5− 122.5 µm) ≈ (1/1.75)× FTIR(8− 1000 µm)
(see Apendix E in Herrera-Camus et al. 2015; U et al.
2012; De Looze et al. 2014).
In Fig. 3 we plot the global line to FIR ratios mea-
sured in the SHINING galaxy sample as a function of
the far-infrared luminosity. We also include in the figure
a compilation of previous ISO extragalactic observations
taken from the literature (Malhotra et al. 2001; Negishi
et al. 2001; Luhman et al. 2003; Lutz et al. 2003; Brauher
et al. 2008), and PACS [C II] observations of local star-
burst, (U)LIRGs and AGN by Sargsyan et al. (2012) and
Farrah et al. (2013). High redshift observations (z > 1)
obtained with space and ground based facilities are also
included (Dale et al. 2004; Iono et al. 2006; Maiolino
et al. 2009; Walter et al. 2009; Wagg et al. 2010; Hailey-
Dunsheath et al. 2010; Ivison et al. 2010; Sturm et al.
2010; Stacey et al. 2010; Ferkinhoff et al. 2010, 2011;
Valtchanov et al. 2011; De Breuck et al. 2011; Cox et al.
2011; Wagg et al. 2012; Walter et al. 2012; Riechers et al.
2013, 2014; De Breuck et al. 2014; Capak et al. 2015;
Oteo et al. 2016; Dı´az-Santos et al. 2016). The compila-
tion of line and FIR continuum fluxes used in Figure 3
is available via email request to the first author.
Galaxies in Fig. 3 are color coded according to their
redshift and optical nuclear activity classification fol-
lowing the Baldwin, Phillips and Terlevich (BPT) diag-
nostic diagram introduced in Baldwin et al. (1981) and
Veilleux & Osterbrock (1987). This figure is an updated
version of Fig. 1 in Gracia´-Carpio et al. (2011), now with
PACS observations for the whole SHINING galaxy sam-
ple. We excluded galaxies that are spatially extended
in the far-infrared at the IRAS spatial resolution since
the ISO line observations were restricted to the galaxy
centers and their line to FIR ratios can only be consid-
ered lower limits (Helou et al. 1988; Sanders et al. 2003;
Surace et al. 2004). Our SHINING observations are not
affected by this problem because we have a direct esti-
mate of the FIR continuum within the PACS FOV.
The line to FIR continuum ratios in galaxies with
moderate far-infrared luminosities (LFIR . 1011 L) do
not seem to depend strongly on LFIR. In the case of
the [C II] line, for example, the Kendall τ coefficient4 is
τ = −0.02 (p = 0.69) for the subgroup of galaxies with
LFIR . 1011 L. In general the dispersion is high and
the ratios can vary by more than an order of magnitude,
especially in the case of the high ionization lines.
Above LFIR ≈ 1011 L we find an increasing num-
ber of galaxies with low line to FIR continuum ra-
tios (the median line-to-FIR ratios of galaxies below
LFIR = 10
11 L are typically a factor of ∼ 3 higher than
those of systems brighter than LFIR = 10
11 L). These
line deficits were first identified with ISO in the [C II]
line (Malhotra et al. 1997; Luhman et al. 1998). Fig. 3
shows that they affect all the PDR and H II lines we have
observed with PACS. In systems with LFIR & 1012 L,
and independent of their galaxy type, the relative inten-
sity of the fine structure lines can drop by more than
an order of magnitude compared to the average values
found in galaxies with lower far-infrared luminosities.
The FIR luminosity is, however, a bad proxy for the
relative brightness of the fine structure lines. This is
particularly true in the high redshift Universe, where
galaxies with LFIR & 1012 L can have line to con-
tinuum ratios similar to those of local galaxies with
LFIR . 1011 L (e.g., Hailey-Dunsheath et al. 2010;
Stacey et al. 2010; Brisbin et al. 2015). As discussed
in Gracia´-Carpio et al. (2011), this can be understood
in terms of the redshift evolution of the gas content in
galaxies. Recent molecular gas observations of massive
star forming galaxies at z ∼ 1–2 have shown that their
molecular gas fractions are typically three to ten times
higher than in today’s massive spirals (Daddi et al. 2008;
Tacconi et al. 2010; Genzel et al. 2015; Tacconi et al.
2017). This explains part of the redshift evolution of
the SFR–M∗ main sequence and why galaxies with oth-
erwise similar ISM properties are more luminous at high
redshift: they form more stars simply because they have
more gas to form them.
4 The Kendall τ coefficient (−1 ≤ τ ≤ 1) is a non-parametric
test that indicates the degree of positive or negative correlation
between two quantities. If τ = 1, there is a full correlation, if τ =
−1, there is full anti-correlation, and if τ = 0, the two data sets
are independent. In our analysis, together with the τ coefficient
we list its associated p-value, which is the probability of getting a
correlation as large as the observed value by random chance.
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Figure 3. Global line to FIR continuum ratios for galaxies with different optical activity classifications and high-z (z > 1) as
a function of their far-infrared luminosity. Galaxies in the SHINING sample are marked with square symbols. Open symbols
indicate 3-σ upper limits to the line flux. Galaxies with LFIR & 1011 L, irrespective of their types, tend to show low line to
FIR continuum ratios. Typical errorbars are plotted in the lower-left corner.
There is growing evidence that better proxies for
the relative brightness of the fine structure lines are
SFE = LFIR/Mmol –which in star formation dominated
galaxies is referred to as the molecular gas star formation
efficiency (SFE)–, and the FIR surface brightness, ΣFIR
(Gracia´-Carpio et al. 2011; Dı´az-Santos et al. 2014; Lutz
et al. 2016; Barcos-Mun˜oz et al. 2017). Both of these
quantities are proportional to the strength of the UV
field, most likely the main parameter controlling the ef-
ficiency of the conversion of UV radiation into gas heat-
ing. Motivated by these results, in the next sections
we study the ratio between the FIR fine-structure lines
and the FIR dust emission as a function of ΣFIR and
LFIR/Mmol in addition to LFIR.
5.3. [C II] 158 µm – FIR ratio
Figure 4 shows the [C II] to FIR ratio as a function
of LFIR, LFIR/Mmol, and ΣFIR. The color scale indi-
cates the S63µm/S122µm IR color, to first order a proxy
for the average dust temperature of a galaxy. As we al-
ready show in Figure 3, galaxies with low FIR luminosi-
ties have [C II]/FIR ratios in the ∼ 10−2 − 10−3 range
irrespective of their galaxy type. At FIR luminosities
higher than LFIR & 1011 L we start to observe a drop
in the [C II]/FIR ratio, although accompanied by an in-
crease in the scatter of a factor of ∼ 2. We also observe
that, as first reported by Malhotra et al. (1997), galaxies
that exhibit a [C II]-deficit also tend to have warm IR
colors. High-z galaxies included in this study seem to
follow the same trends described before, but shifted to-
wards higher FIR luminosities, i.e., these systems have
LFIR & 1012 L, but only those with LFIR & 1013 L
show a [C II]-deficit. This is consistent with the interpre-
tation by Stacey et al. (2010) that luminous star-forming
galaxies at high-z seem to be scaled-up versions of local
starbursts.
The middle panel in Figure 4 shows that galaxies
with LFIR/Mmol & 80 L M−1 tend to have lower
[C II] to continuum ratios than galaxies with more
moderate LFIR/Mmol values (see also Gracia´-Carpio
et al. 2011). These galaxies also have warm IR col-
ors, which is expected given the well known correlation
between LFIR/Mmol and S60 µm/S100 µm (e.g., Young
et al. 1989): for star formation dominated galaxies, if
the number of new formed stars per unit of molecular
gas mass increases, the UV radiation heating the dust in
the cloud increases, and the dust temperature rises. In
addition, for a given LFIR/Mmol, local and high redshift
galaxies have similar [C II] to FIR ratios. This suggests
that any possible variation in the properties of the ISM
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with redshift does not significantly affect the excitation
and emission of the [C II] line.
The last panel in Figure 4 shows the correlation be-
tween the [C II]/FIR ratio and ΣFIR. FIR sizes for the
SHINING sample and about ∼ 50% of the additional
galaxies included in this study were measured by Lutz
et al. (2016). Despite the smaller number statistics, the
correlation of [C II]/FIR with ΣFIR (1-σ dispersion of
dispersion 0.24 dex; see also Lutz et al. 2016) is tighter
than with LFIR (1-σ dispersion of 0.34 dex). One ex-
ample to illustrate this point is the case of NGC 4418
(see labels in Figure 4). With a FIR luminosity of
∼ 8 × 1010 L and a [C II] to FIR ratio of ∼ 10−4 this
galaxy is an outlier in the LFIR− [C II]/FIR correlation,
but its strong [C II] deficit is consistent with its high IR
surface brightness (ΣFIR ≈ 3 × 1012 L kpc−2). If we
think of the FIR emission in star formation dominated
galaxies as a proxy for star formation activity (e.g., Ken-
nicutt & Evans 2012), then the observed tight corre-
lation between [C II]/FIR and ΣFIR is consistent with
other studies of nearby, star-forming galaxies that find
a tighter relation between Σ[CII]−ΣSFR than L[CII]−SFR
(e.g., Herrera-Camus et al. 2015).
In Paper II (Herrera-Camus et al. 2018) we present a
toy model we use to explore the connection between the
radiation field intensity, the FIR surface brightness, and
the strength of the PDR line emission in star-forming
galaxies. We find that as galaxies become more compact
and luminous, the [C II] line emission becomes nearly in-
dependent of the radiation field strength, as opposed to
the FIR intensity. In addition, the photoelectric heat-
ing efficiency decreases, and the ionization parameter
reaches a limit value where the fraction of UV photons
absorbed by dust in the H II region becomes important.
The gray lines in the second and third panels of Fig-
ure 4 show the best fit to the data. Similar to Lutz et al.
(2016) and Dı´az-Santos et al. (2017), we fit the data us-
ing a second order polynomial function. This function
provides a better fit to our data than an exponential
function. Note that we force the maxima of the best
fitting quadratic functions to be equal to or less than
the minimum of the abscissa values. The choice of using
quadratic functions is motivated by the fact that they
do a good job characterizing the shape of the empirical
relations, and not because they analytically describe the
physical processes behind these relations.
The best quadratic fit parameters and the maximum
line-to-FIR ratio of the distribution are listed Table 5.
An alternative representation of the first and last
panel in Figure 4 is shown in Figure 5. Here we plot
the FIR luminosity versus the FIR surface brightness of
individual galaxies. The color scale indicates the [CII] to
FIR ratio, and the diagonal lines show loci of constant
IR radii (Re,70 = 0.1, 1, and 5 kpc). At a fixed luminos-
ity we observe a trend of decreasing [CII]/FIR ratio as
galaxies become more compact. To illustrate this point
we compare NGC 6052 and NGC 4418. Both galaxies
have similar FIR luminosities (LFIR ∼ 5×1010 L), but
NGC 6052, with a FIR radius ∼ 50 times larger than
NGC 4418 (2.4 kpc versus 0.05 kpc), has a [CII]/FIR
ratio a factor of ∼ 102 higher.
5.4. Oxygen lines to FIR ratio
The two fine-structure lines of neutral oxygen,
[O I] 63µm and [O I] 145µm, arise from neutral gas in
PDRs and the warm neutral medium. Compared to
[C II], these lines have higher upper level energies and
critical densities and in warm, dense environments, they
dominate the ISM cooling. The [O III] 88µm transition,
on the other hand, only arises from H II regions where
photons with energies higher than ∼ 35 eV create O++.
As shown for [C II] in Figure 4, Figure 6 shows the
fine-structure oxygen lines to FIR ratios as a function of
LFIR, LFIR/Mmol, and ΣFIR. The color scale indicates
the S63µm/S122µm color, and different markers are used
to differentiate galaxies according to their optical nu-
clear activity classification or redshift. AGN galaxies
with high [O I]/FIR and [O III] 88µm/FIR ratios gener-
ally have warm S63µm/S122µm colors. (Seyfert galaxies
with [O I] 63µm, [O I] 145µm, and [O III] 88µm line-to-
FIR ratios below 10−3, 7× 10−5, and 3× 10−4, respec-
tively, have warmer mean S63µm/S122µm colors by fac-
tors of 1.5, 1.4, and 1.5 than the rest of the Seyfert
systems). This could be interpreted as evidence for sig-
nificant AGN contribution to the total FIR emission in
the galaxy. There are however several H II galaxies
with similar S63µm/S122µm colors, and it could alter-
natively indicate that the most extreme AGNs in the
sample (in terms of line emission) are also associated
with the most extreme star forming systems, or alterna-
tively, that these H II galaxies host a hidden AGN.
The best quadratic fit parameters to the relations in-
volving [O I] 63µm/FIR, [O I] 145µm/FIR, LFIR/Mmol,
and ΣFIR are listed in Table 5.
5.5. Nitrogen lines to FIR ratio
The two nitrogen fine-structure transitions included in
this study are the [N III] 57µm and [N II] 122µm lines.
Both of these lines arise from the ionized gas (the ion-
ization potential of atomic nitrogen is 14.5 eV), and the
[N II] 122µm transition in particular is a powerful tracer
of the low-ionization, diffuse ionized gas (e.g., Goldsmith
et al. 2015; Herrera-Camus et al. 2016).
Figure 7 shows the [N III] 57µm and [N II] 122µm to
FIR ratios as a function of LFIR, LFIR/Mmol, and ΣFIR.
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Figure 4. Global [C II] 158 µm line to FIR continuum ratio for different types of galaxies and high-z (z > 1) systems as a
function of far-infrared luminosity (left), the ratio between far infrared luminosity and molecular gas mass (center), and infrared
luminosity surface brightness (right). SHINING galaxies are marked with a black border. Open symbols indicate 3-σ upper
limits to the line flux and the color scale indicates the S63µm/S122µm IR color. The gray lines in the second and third panels
show a simple quadratic fit to the data and associated ±1-σ dispersion. The best fit parameters are listed in Table 5. Similar
to Dı´az-Santos et al. (2017), we set the fits to the maximum value of the quadratic equation below the value of LFIR/Mmol or
ΣFIR at which the maximum is reached. Typical errorbars are plotted in the lower-right corner.
The color scale indicates the S63µm/S122µm color, and
different markers are used to differentiate between H II,
AGN, and high-z galaxies. We do not find a strong trend
of decreasing [N III] 57µm/FIR ratio as a function of
LFIR (the Kendall τ coefficient is τ = −0.36 with p <
0.01). Although the average [N III] 57µm/FIR decreases
with LFIR, galaxies that have line ratios . 10−4 span the
entire range of FIR luminosities sampled. We observe
only weak trends between the [N III] 57µm/FIR ratio
and LFIR/Mmol and ΣFIR (the Kendall τ coefficients for
LFIR/Mmol and ΣFIR are τ = −0.39 with p < 0.01, and
τ = −0.49 with p < 0.01, respectively). In these cases,
however, all the galaxies that have line ratios . 10−4
are confined to the bright end of the ΣFIR distribution.
In the case of the [N II] 122µm transition, we find a
clear trend of decreasing [N II] 122µm/FIR ratio for all
galaxy types as a function of LFIR (τ = −0.49 with
p < 0.01), LFIR/Mmol (τ = −0.64 with p < 0.01),
ΣFIR (τ = −0.52 with p < 0.01), and S63µm/S122µm
color (τ = −0.56 with p < 0.01). This behavior could
be driven by at least two effects. The first one is the
low critical density of the [N II] 122µm line, which at
T ≈ 8, 000 K is about ncrit ≈ 300 cm−3 (Hudson &
Bell 2004). In resolved observations of nearby galax-
ies, Herrera-Camus et al. (2016) find a trend of increas-
ing electron densities with ΣFIR, reaching densities close
to the critical density of the [N II] 122µm line around
S70 µm/S100 µm ∼ 1.5. These threshold values are con-
sistent with those where we start observing the decline
of the [N II] 122µm/FIR ratio in our sample of H II
and AGN galaxies. The second factor that can drive
the [N II] 122µm/FIR ratio down is the increase in the
N++/N+ ratio as the hardness of the ionizing radia-
tion field increases. This effect could be important in
(U)LIRGs, which show signatures of intense radiation
field such as weakened Polycyclic Aromatic Hydrocar-
bon (PAH) emission (Genzel et al. 1998; Lutz et al. 1998;
Laurent et al. 2000; Veilleux et al. 2009; Stierwalt et al.
2013), and high [O III] 88µm/[N II] 122µm ratios (Zhao
et al. 2013, recall that the energy required to create O++
ions is only ∼5 eV higher than that require to create
N++.).
As with the other lines, the resulting best quadratic fit
parameters to the relations involving [N II] 122µm/FIR,
LFIR/Mmol, and ΣFIR are listed in Table 5.
5.6. Spatially resolved information
As we mentioned before, around 25 SHINING sources
are nearby and thus extended for the PACS spectrom-
eter spatial resolution (see Section 4.2). This gives us
the opportunity to study the distribution of the line and
continuum emission in active and star forming galaxies
on kiloparsec and sub-kiloparsec scales.
5.6.1. H II galaxies
Figure 8 shows the spatially resolved line to FIR con-
tinuum ratios for the SHINING sample of extended H II
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Figure 5. FIR surface brightness (ΣFIR) as a function of
FIR luminosity (LFIR) for individual galaxies color coded
according to their [C II]/FIR ratio. Diagonal gray lines show
loci of constant IR radii, from 0.1 kpc to 5 kpc. SHIN-
ING galaxies are marked with a black border. The gray ar-
eas mark the space where galaxies are classified as LIRGs
(LFIR ≥ 1011 L) and ULIRGs (LFIR ≥ 1012 L). It
is wrong to assume that all LIRGs exhibit a [C II] deficit:
at a fixed luminosity there is a clear trend of decreasing
[C II]/FIR ratio with decreasing IR size of the galaxy. Er-
rorbars are omitted as they are comparable to the size of the
symbols.
galaxies as a function of FIR surface brightness. Each
color point in the figure represents an individual PACS
spatial pixel. We also plot the central pixels from the
sample of compact H II galaxies (black squares). Line to
FIR data are only displayed for spaxels in which the con-
tinuum at 63µm and 122µm are detected with a signal
to noise ratio ≥5.
The far-infrared continuum fluxes are calculated fol-
lowing:
FIR(42.5µm− 122.5µm) = 7.98× 10−15
×(4.67 S63µm + S122µm),
(3)
where FIR is in W m−2, and S63µm and S122µm are in
Janskys. This definition is equivalent to the FIR defi-
nition adopted in Equation 2, but uses the S63µm and
S122µm flux densities, which can be directly measured in
the PACS maps from the [O I] 63µm and [N II] 122µm
observations. Equation 3 was derived based on extrap-
olated S63µm and S122µm continuum flux densities ob-
tained from fitting a single temperature greybody to the
60 and 100 µm continuum flux densities. The compari-
son between the resulting FIR fluxes using Equations (2)
and (3) is shown in Appendix A, Figure 13. The 1-σ dis-
persion of the residual between the two FIR continuum
flux definitions is only 0.026 dex.
On average, the relative intensity of the [C II] line de-
creases with increasing ΣFIR (the Kendall τ coefficient
is τ = −0.55 with p < 0.01). This result is similar to the
observed galaxy integrated trends, but in this case it ap-
plies to regions with spatial scales between ∼ 0.2−2 kpc.
All H II galaxies for which we have spatial information
follow this trend. The [N II] 122µm/FIR ratio is also re-
duced with increasing ΣFIR, although the trend is only
clear individually for Arp 299 and the Antennae system
(τ = 0.47 with p < 0.01 for these two systems com-
bined). With the exception of two central spaxels from
the sample of compact H II galaxies, the [O I] 63µm/FIR
and [O I] 145µm/FIR ratios are relatively constant, with
very little scatter (τ = −0.20 and τ = −0.18, respec-
tively). On the other hand, the [O III] 88µm/FIR and
[N III] 57µm/FIR ratios show a large range of varia-
tion, both between different galaxies and for pixels in
the same galaxy. This variation does not depend on
the ΣFIR and is probably reflecting the stronger depen-
dence of the [O III] 88µm and [N III] 57µm line emission
on the hardness of the radiation field. Dust extinction,
or differences in the location where the line and the FIR
continuum arise (e.g., Dı´az-Santos et al. 2017), could
also contribute to the observed high dispersion.
Few spaxels in the sample of extended H II galax-
ies show the line to continuum ratios observed in lo-
cal ULIRGs with strong line deficits. The FIR sur-
face brightness of various pixels in the central region
of M 82 are comparable to the global values observed in
ULIRGs, but their line emission is stronger. This indi-
cates that even the most extreme star-forming regions in
these galaxies are not able to reproduce the conditions
of the interstellar medium in ULIRGs.
The central pixels from the sample of compact H II
galaxies have higher ΣFIR values and generally lower line
to continuum ratios than the sample of extended galax-
ies. Of particular interest are the two pixels with the
lowest line to continuum ratios, that coincide spatially
with the position of the nuclear starbursts in NGC 253
and NGC 4945 and have far-infrared spectral proper-
ties similar to ULIRGs. Like many ULIRGs too, they
have LFIR/Mmol ∼ 250LM−1 and high molecular
gas and SFR surface densities (Σmol ∼ 103.5M pc−2,
ΣSFR ∼ 101.5M kpc−2; Chou et al. 2007; Weiß et al.
2008; Sakamoto et al. 2011). All this seems to sug-
gest that we can interpret the ULIRG phenomenon as a
scaled up version (by two orders of magnitude in terms
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Figure 6. Global [O I] 63µm (top), [O III] 88µm (middle), and [O I] 145µm (bottom) line to FIR continuum ratio for different
types of galaxies and high-z (z > 1) systems as a function of far-infrared luminosity (left), the ratio between far infrared lumi-
nosity and molecular gas mass (center), and infrared luminosity surface brightness (right). SHINING observations are marked
with a black border. Open symbols indicate 3-σ upper limits to the line flux and the color scale indicates the S63µm/S122µm IR
color. The gray lines show a simple quadratic fit to the data. The best fit parameters are listed in Table 5. We set the fits to
the maximum value of the quadratic equation below the value of LFIR/Mmol or ΣFIR at which the maximum is reached. Typical
errorbars are plotted in the upper-right corner.
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Figure 7. Global [N III] 57µm (top) and [N II] 122µm (bottom) line to FIR continuum ratio for different types of galaxies and
high-z (z > 1) systems as a function of far-infrared luminosity (left), the ratio between far infrared luminosity and molecular
gas mass (center), and infrared luminosity surface brightness (right). SHINING observations are marked with a black border.
Open symbols indicate 3-σ upper limits to the line flux and the color scale indicates the S63µm/S122µm IR color. The gray lines
show a simple quadratic fit to the data. (The best fit parameters are listed in Table 5. We set the fits to the maximum value of
the quadratic equation below the value of LFIR/Mmol or ΣFIR at which the maximum is reached.) Typical errorbars are plotted
in the upper-right corner.
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Figure 8. Line to FIR continuum ratios in the SHINING H II galaxies which are extended for the PACS spectrometer. Each
point represents a different spaxel (size 9.4′′) and the spaxels centered on the star-forming nuclei are indicated with a square.
The central spaxels from compact H II galaxies are shown as black squares. The gray areas highlight the ranges of line to
continuum ratios and ΣFIR typically observed in local ULIRGs with strong line deficits. Typical errorbars are plotted in the
upper-left corner.
of molecular gas mass and SFR) of the nuclear star-
bursts in NGC 4945 and NGC 253 (note however that
the nuclear dust temperature in these two galaxies is
lower than in ULIRGs; Gonza´lez-Alfonso et al. 2015).
The spatial scales probed in the maps of the closest
galaxies M 82 and M 83 allows us to study the spa-
tial distribution of their line to continuum ratios. Fig-
ure 9 shows that the lowest [C II]/FIR ratios and highest
S63µm/S122µm colors in these galaxies are found at their
centers. Similar trends are observed in M 33 (Kramer
et al. 2013), M 31 (Kapala et al. 2015), and other nearby
galaxies in the KINGFISH sample (Smith et al. 2017).
5.6.2. AGN galaxies
We can repeat the same kind of analysis with the
line and continuum maps from the SHINING sample
of extended Seyfert galaxies. In Figure 10 we use dif-
ferent symbols to identify the spaxels containing the
AGN (triangles) from those covering the galaxy disk
(circles). This allows us to study the effects of AGN ra-
diation and mechanical feedback on the line and contin-
uum emission. We should note however that the phys-
ical sizes covered by the PACS spectrometer pixels are
∼ 0.2−0.8 kpc for the luminosity distances of the studied
galaxies, and therefore some contamination from nuclear
star formation may be present.
As we did in Figure 8 for the compact H II galaxies, we
include in Figure 10 the AGN pixels from the sample of
Seyfert galaxies with compact emission (black triangles).
Pixel sizes for these galaxies range from 0.7 to 3.5 kpc,
therefore the detected emission may have a significant
contribution coming from star-forming regions.
We observe that, with the exception of the central re-
gions in NGC1068, Circinus and NGC 4945, there is not
a single spaxel in the studied sample of Seyfert galax-
ies with a line to continuum ratio as low as those ob-
served in local ULIRGs and high-z galaxies with strong
line deficits. Extra-nuclear regions in Seyfert galaxies
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Figure 9. [C II]/FIR and S63µm/S122µm as a function of the
pixel distance to the galaxy center. The Antennae and Arp
299 are not shown in this figure because they are both inter-
acting systems and, therefore, do not have a clearly defined
galaxy center.
have line to continuum ratios, on average, only ∼ 30%
higher than those observed in H II galaxies, which is
expected as the selection criteria for the Seyfert sys-
tems was based on their nuclear activity and did not
take into account the properties of the host. This nat-
urally led to select galaxies with normal star forma-
tion. The central AGN spaxels, on the other hand,
tend to show weak [C II] 158 µm but particularly strong
[N III] 57µm, [O III] 88µm, and [O I] 63µm line emis-
sion compared to the star-forming regions. In fact, the
high [O I] 63µm/FIR ratios observed in these systems
could be used to identify the presence of AGN in galax-
ies when other methods cannot be applied (note how-
ever that shocks can also produce strong [O I] 63µm line
emission; e.g., Lutz et al. 2003). We discuss more in de-
tail the AGN effect on the [C II] and [O I] 63µm line
emission in Section 5.6.3 and in Section 3.3 of Paper II
(Herrera-Camus et al. 2018).
5.6.3. Line ratios
Given the variety of excitation conditions of the FIR
cooling lines accessible with Herschel/PACS, their ra-
tios can provide powerful diagnostics of the ISM physi-
cal conditions. Figure 11 shows various line ratios as a
function of IR color S63µm/S122µm in resolved regions
(∼ 0.2−2 kpc in size) of SHINING H II and AGN galax-
ies. For galaxies that are classified as compact, we in-
clude the emission from the central spaxel (black squares
for star-forming centers and triangles for AGNs).
[O I] 63 µm/[C II] ratio: For regions in H II galaxies
with S63µm/S122µm . 0.6, we observe [O I] 63µm/[C II]
line ratios in the ∼ 0.2− 0.5 range, similar to the range
of values observed in resolved regions of H II galaxies
in the KINGFISH sample (Herrera-Camus et al. 2015).
For IR colors S63µm/S122µm & 0.5, we find a clear
trend of increasing [O I] 63µm/[C II] ratios with increas-
ing (warmer) IR colour in regions from both H II and
AGN galaxies (Kendall τ ≈ 0.5 with p < 0.01). The
highest ratios are observed in the central spaxel of com-
pact AGN systems. These trends are consistent with
those observed in low-metallicity galaxies (Cormier et al.
2015), and a variety of other galaxy types presented by
Malhotra et al. (2001) and Brauher et al. (2008). The
increase in the [O I] 63µm/[C II] line ratio with IR color
–a proxy for the FUV heating intensity– is expected as
the [O I] 63µm line is a more efficient coolant than the
[C II] line in warmer, denser gas.
[N II] 122 µm/[C II] ratio: For regions in both H II
and AGN galaxies we observe a relatively flat distribu-
tion of [N II] 122µm/[C II] ratios across the observed
range of IR colors, although the scatter is large. In re-
gions of H II galaxies we measure a mean line ratio of
0.1± 0.06, while in regions in AGN galaxies we measure
a mean line ratio of 0.14±0.05. These values are consis-
tent with those observed in the Milky Way (Goldsmith
et al. 2015), and in the samples of galaxies of Malhotra
et al. (2001) and Brauher et al. (2008).
Given that the [N II] 122µm line emission can only
arise in ionized gas, the [N II] 122µm to [C II] line ra-
tio can be used to constrain the fraction of the [C II]
emission originating in the neutral gas, fneutral[CII] . This
fraction can be calculated as follows:
fneutral[CII] = 1−Rion ×
(
[NII] 122 µm
[CII] 158 µm
)
observed
, (4)
20 Herrera-Camus et al.
Figure 10. Line to FIR continuum ratios in the SHINING AGN galaxies which are extended for the PACS spectrometer. Each
point represents a different spaxel (size 9.4′′), and the spaxels centered on the AGN are indicated with a triangle. We also
include the central spaxels from compact AGN galaxies shown as black triangles. The gray areas highlight the ranges of line
to continuum ratios and ΣFIR typically observed in local ULIRGs with strong line deficits. Typical errorbars are plotted in the
upper-left corner.
where Rion is the expected [C II]/[N II] 122µm ratio if
all the [C II] emission originates in the ionized gas phase.
Rion is a function of the electron density (ne) of the ion-
ized gas5, so in order to estimate fneutral[CII] first we need
to constrain the range of electron densities in our sam-
ple. For this we use the scaling relation between electron
density and IR color in Herrera-Camus et al. (2016). We
find that our regions roughly span the range of densities
ne ∼ 10 − 200 cm−3. In this range, and assuming the
collision rates of Tayal (2008, 2011) and Galactic gas
phase abundances for carbon and nitrogen (Meyer et al.
1997; Sofia et al. 2004), we find that Rion varies from
Rion(n = 10 cm
−3) = 4 to Rion(n = 200 cm−3) = 0.9.
5 In principle Rion also depends on the ionization state of the
H II gas, which in turn is a function of the spectrum of the stellar
radiation and the ionization parameter. For instance, in dense
H II regions we expect nitrogen to be preferentially doubly ionized
(e.g., Abel et al. 2009).
For the roughly constant [N II] 122µm/[C II] ratio of
≈ 0.1, this implies that the contribution to the [C II]
emission from neutral gas in our sample of resolved
regions increases as a function of S63µm/S122µm from
fneutral[CII] ≈ 60% to 90%.
[O III] 88 µm/[C II] ratio: The [O III] 88µm line
emission originates in the narrow line region of AGNs
or H II regions where O and B stars produce photons
with energies higher than the 35 eV required to create
O++. In both groups of resolved regions we observe a
trend of increasing [O III] 88µm/[C II] line ratios as a
function of increasing IR color (Kendall τ ≈ 0.5 with
p ≈ 0.01), but the scatter is large. This is in contrast to
the roughly constant ratio we find when we compare the
[C II] and [N II] 122µm line emission. This could be an
indication that the contribution to the [C II] emission
from the ionized phase is dominated by low-excitation
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Figure 11. Different line ratios as a function of S63µm/S122µm IR color in the SHINING H II (left) and AGN (center) galaxies
which are extended for the PACS spectrometer. Each point represents a different spaxel (size ∼ 9′′, spatial scales ranging
between ∼ 0.2 − 2 kpc), and the spaxels centered on the star-forming center or the AGN are indicated with squares and
triangles, respectively. The central spaxels from compact H II and AGN galaxies are shown as black squares and triangles,
respectively. The right panel shows the median and the range of values covered by regions in the disk (yellow lines and circles),
central star-forming spaxels (blue lines and squares), and central AGN spaxels (red lines and triangles). Typical errorbars are
plotted in the lower-right corner.
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Figure 12. [O I] 63µm/[C II] versus
[N III] 57µm/[N II] 122µm line ratio for resolved re-
gions in SHINING galaxies. We highlight AGN regions (red
triangles), star-forming centers (blue squares), and disk
regions (gray). The [O I] 63µm/[C II] line ratio increases
with density of the gas and radiation field strength, while
the [N III] 57µm/[N II] 122µm line ratio is sensitive to
the hardness of the UV radiation field. The shaded boxes
delineate regions distinguished by AGN, star-forming nuclei,
and disk regions. Only central ∼kiloparsec size regions that
host an AGN populate the top-right corner of the parameter
space characterized by high density and/or radiation field
strength and harsh radiation fields. A typical errorbar is
plotted in the lower-left corner.
N+ and O+ gas, rather than highly ionized O++ regions
(Brauher et al. 2008).
[O III] 88 µm/[N II] 122 µm ratio: For resolved re-
gions in H II galaxies we observe a tentative trend
of increasing [O III] 88µm/[N II] 122µm line ratios
as a function of IR color (Kendall τ = 0.37 with
p < 0.01). What is interesting is that regions in
M 83 and Arp 299 that have similar IR colors can
have [O III] 88µm/[N II] 122µm line ratios that dif-
fer by an order of magnitude. In H II regions, the
[O III] 88µm/[N II] 122µm line ratio is relatively insen-
sitive to ionized gas density (the critical densities of
the [O III] 88µm and [N II] 122µm lines are 510 and
310 cm−3, respectively), but very sensitive to the ef-
fective temperature Teff of the ionizing source. This
line ratio also depends on the ionization parameter and
the N/O abundance. Based on the models of Rubin
(1985) (see also Ferkinhoff et al. 2011), we find stellar
effective temperatures that increase from approximately
3.4× 104 K in M 83 to 3.7× 104 K in Arp 299, which in
turn corresponds to stellar classifications of O9.5 to O8.5
for the most luminous stars (following the classification
of Vacca et al. 1996; Sternberg et al. 2003).
In the central regions of AGN galaxies we observe
a trend of increasing [O III] 88µm/[N II] 122µm line
ratios with S63µm/S122µm (Kendall τ = 0.42 with
p < 0.01). In the narrow line region (NLR) of AGNs,
the [O III] 88µm/[N II] 122µm line ratio is a sensitive
indicator of the ionization parameter U . Using the
radiation pressure-dominated photoionization model of
Groves et al. (2004), we find ionization parameters that
vary from U = 10−3.5 in NGC 5033 to U = 10−3 in
NGC 1068.
5.6.4. [O I] 63µm/[C II] versus [N III] 57µm/[N II] 122µm:
a potential line diagnostic of AGN and star-forming
regions
Another useful far-infrared line diagnostic that can
help to discriminate between AGN and star formation
activity is [O I] 63µm/[C II] versus [N III] 57µm/[N II] 122µm.
This plot tracks the density and radiation field strength
on the y-axis, while the x-axis is sensitive to the hard-
ness of the UV radiation field. Figure 12 shows the
position of ∼kiloparsec size AGN, star-forming nuclei,
and disk regions in this diagnostic diagram. We observe
that disk regions stand apart from nuclei that are pow-
ered by star formation and accretion-powered disks, and
that the latter are the only ones that populate the top-
right corner of the diagram ([O I] 63µm/[C II] & 1.6),
characterized by harsh and intense UV radiation fields
and high-density gas. This is consistent with the model
results by Abel et al. (2009) (see also Maloney et al.
1996), which predict that in the ionization parameter
range 10−4 . U . 0.01 the [O I] 63µm/[C II] line ratio
increases from ∼ 1 to ∼ 5 in AGNs, and only from ∼ 0.3
to ∼ 0.6 in starbursts. A two-sample, two-dimensional
Kolmogorov-Smirnov test (Peacock 1983) shows that
AGN, star-forming nuclei, and disk region are distinct
populations (the null hypothesis that there is no differ-
ence between these three populations is rejected with
p-value p < 0.01).
While there are other diagnostics based on mid-
infrared lines that can help to discriminate more clearly
between pure starbursts and AGNs (e.g., Sturm et al.
2002; Dale et al. 2006; Armus et al. 2007; Ferna´ndez-
Ontiveros et al. 2016), the diagnostic diagram presented
here can be useful to differentiate strong AGNs from
star-forming dominated nuclei and extra-nuclear regions
in the absence of tracers in the mid-infrared.
6. SUMMARY AND CONCLUSIONS
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In this paper we present the main results of the
analysis of the infrared fine-structure line emission in
52 galaxies that constitute the SHINING sample (PI
Sturm). These galaxies range from star-forming to
AGN dominated systems, including luminous and ultra-
luminous infrared galaxies. Observations of the infrared
lines were obtained using the PACS instrument on board
Herschel and in this paper we focus on the six brightest
H II and PDR lines in the 55−210 µm wavelength range.
The lines are: [C II] 158µm, [O I] 145µm, [N II] 122µm,
[O III] 88µm, [O I] 63µm, and [N III] 57µm.
We highlight the following points:
1. Global line-to-continuum ratios. We find that
the fraction of galaxies in the local universe with
strong line deficits increases with FIR luminosity.
This is in good agreement with previous studies
based on ISO and Herschel observations (Malho-
tra et al. 2001; Luhman et al. 2003; Brauher et al.
2008; Gracia´-Carpio et al. 2011; Farrah et al. 2013;
Dı´az-Santos et al. 2017). High-z starburst galax-
ies follow a similar trend, but shifted to higher
LFIR values (e.g., Maiolino et al. 2009; Stacey
et al. 2010; Brisbin et al. 2015). If we analyze the
line to continuum ratios as a function of ΣFIR or
LFIR/Mmol –instead of LFIR– we find tighter cor-
relations that help to reconcile the observed shift
in the distribution of low and high-z galaxies. In
the particular case of the [C II] line, the dispersion
around the best quadratic fit to the [C II]/FIR–
ΣFIR relation is only 0.2 dex over almost five or-
ders of magnitude in ΣFIR (see also Lutz et al.
2016). The reason is that ΣFIR or LFIR/Mmol are
galaxy properties more closely related to the phys-
ical parameters controlling the relative intensity of
the line (e.g., G0, gas density, U). Independent of
redshift, galaxies with more extreme ISM prop-
erties such as LFIR/Mmol & 80LM−1 and/or
ΣFIR& 1011 L kpc−2 exhibit low line to FIR con-
tinuum ratios (see also Gracia´-Carpio et al. 2011;
Lutz et al. 2016). In this context, it is wrong to
assume that all LIRGs exhibit line deficits: for a
fixed FIR luminosity we observe a clear trend of
decreasing line to continuum ratios as LIRGs be-
come more compact. In fact, LIRGs in our sample
with infrared sizes R70 & 1 kpc have line to con-
tinuum ratios similar to those observed in normal,
star-forming galaxies (see also Dı´az-Santos et al.
2014).
2. Spatially resolved line-to-continuum ratios. For
nearby star-forming and Seyfert galaxies that we
can spatially resolve with PACS we find trends
of line to continuum ratios as a function of
S63µm/S122µm (a proxy for the dust temperature)
similar to those observed based on global val-
ues. Even though we have about 30 regions with
S63µm/S122µm infrared colors similar to those ob-
served in ULIRGs, only in a few cases –the nuclear
starbursts in Arp 299 and NGC 253, the AGN re-
gions in NGC 1068 and Circinus– we find ULIRG-
like extremely low line-to-continuum ratios.
3. Line ratios. The wide range of excitation condi-
tions probed by the infrared fine-structure lines
can be used to infer physical properties of the gas.
From the analysis of the line emission in resolved
regions of star-forming and Seyfert galaxies we find
that:
(1) The fraction of [C II] emission arising from the
neutral gas increases from ∼ 60% in moderately
star-forming environments to∼ 90% in active star-
forming regions.
(2) The [O I] 63µm/[C II] ratios increase as a func-
tion of IR color, with the highest ratios observed
in the central spaxel of the compact AGN galaxies.
This is most likely a consequence of the higher den-
sities and higher radiation fields expected in AGN
and starburst regions, as the [O I] 63µm line is a
more efficient coolant of the warm, dense gas than
[C II].
(3) The [C II] emission emitted in the ionized
phase is more associated with low-excitation, dif-
fuse gas rather than highly-ionized dense H II
gas (as suggested by the flat distribution of the
[N II] 122µm/[C II] ratio and the trend of increas-
ing [O III] 88µm/[C II] ratio as a function of in-
frared color).
(4) From the analysis of the [O III] 88µm/[N II] 122µm
ratio, the effective temperature of the most lumi-
nous stars ionizing the gas in our star-forming
regions vary from Teff = 34, 000 K (O9.5) to
Teff = 37, 000 K (O8.5).
(5) In the diagnostic diagram based on the
[O I] 63µm/[C II] and [N III] 57µm/[N II] 122µm
ratios, we observe a transition from disk regions to
star-forming nuclei to AGN regions as the hard-
ness and intensity of the UV radiation field and
the density of the neutral gas increases.
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Figure 13. Comparison between the FIR continuum fluxes calculated based on the continuum flux densities at 60 and 100 µm
using Equation (2), and 63 and 122 µm using Equation (3). The 1-σ standard deviation of the residual is 0.026 dex (dashed
lines). A typical errorbar is plotted in the lower-left corner.
Table 5. Summary of Scaling Parameters
log10(Line/FIR) = α× [log10(LFIR/Mmol)]2 + β × log10(LFIR/Mmol) + γ
Line α β γ LFIR/Mmol at Max. Ratio 1σ
Max. Ratio ×10−3 dex
[N III] 57µm −0.7068 1.952 −4.645 21.38 0.54 0.41
[O I] 63µm −0.2346 0.387 −2.826 6.60 2.15 0.31
[O III] 88µm −0.1459 2.653 −14.768 5.50 1.97 0.42
[N II] 122µm −0.0988 1.766 −11.203 1.58 0.49 0.31
[O I] 145µm −0.1347 2.619 −16.428 3.46 0.20 0.29
[C II] 158 µm −0.1044 1.843 −10.458 2.00 4.70 0.24
log10(Line/FIR) = α
′ × [log10(ΣFIR)]2 + β′ × log10(ΣFIR) + γ′
Line α′ β′ γ′ log10(ΣFIR) at Max. Ratio 1σ
Max. Ratio ×10−3 dex
[N III] 57µm −0.0771 1.296 −8.447 9.50 0.81 0.30
[O I] 63µm −0.1225 2.280 −13.126 9.30 3.05 0.30
[O III] 88µm −0.1723 0.254 −3.047 9.10 1.11 0.51
[N II] 122µm −0.2240 0.092 −3.216 9.00 0.62 0.28
[O I] 145µm −0.1454 0.156 −3.819 9.71 0.17 0.26
[C II] 158 µm −0.2044 0.156 −2.414 8.80 4.12 0.29
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